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叔丁基醚 MTBE。近年来 MTBE 需求量在全球范围内迅猛增长，工业上对于异
丁烯的需求急剧增加。因此正丁烯骨架异构化工艺成为目前最具有发展潜力的
增产异丁烯的方法。 





  本文以动态水热合成法合成得到一系列 ZSM-35 沸石分子筛，并系统探究在
合成过程中模板剂种类、模板剂滴加顺序、模板剂用量、水量、硅铝比、硅源滴
速、晶种以及晶化时间等因素对 ZSM-35 分子筛晶相结构及催化正丁烯异构反应
性能的具体影响。同时论文运用 XRD，SEM， NH3-TPD，Pyridine IR，29Si 和
27Al NMR 等一系列表征分别跟踪不同晶化时间下 ZSM-35 的结构状态，考察
ZSM-35 与正丁烯骨架异构反应间的构效关系。 

























杂晶相。硅铝比在 ZSM-35 的晶化体系中存在一最佳合成范围：Si/Al =12~24。 
  通过对合成体系中硅溶胶滴速和晶种的实验探究，本文发现慢速滴加硅溶胶
无晶种体系合成的 ZSM-35 分子筛更易获得选择性高且稳定的异丁烯。 
  考察晶化时间在合成中对 ZSM-35 分子筛结构及正丁烯异构反应催化性能
影响的探究发现：在有晶种的合成体系中，当晶化时间为 8h 时，即可合成得到
ZSM-35 分子筛晶相结构；在无晶种存在的合成体系中，当晶化时间为 24h 时，
可合成得到 ZSM-35 分子筛晶相结构，晶种的存在加快了 ZSM-35 分子筛结构的
合成速度。有晶种的合成体系中，当晶化时间为 36h 时，合成得到的 ZSM-35 催
化剂（cat-cs-36h）在正丁烯异构反应评价实验 T.O.S=8h 时，异丁烯收率达到最
大值 35.8%。而无晶种的合成体系中，晶化时间为 48h 所得到的催化剂 cat-ncs-48h
的催化性能最优，异丁烯收率为 31%。 
  无论有无晶种存在，随着晶化时间的延长，当合成得到的 ZSM-35 分子筛达
到异构反应的最优活性时，其骨架内部基本为 Si(1Al)结合形式，Al 原子内嵌在
骨架中（而非骨架边缘），骨架 Al 分布更均匀且稳定，对应 B/L 酸的比值最大，
中等强度酸位峰强最大。 
 



















  Isobutene is an important organic chemical material, which is used to produce 
environment-friendly gasoline additive MTBE. With the rapid growth of worldwide 
demands for MTBE in recent years, the needs of industrial isobutene rapidly 
increased. Meanwhile, the process of butene skeletal isomerization has become the 
most potential method to improve the production of isobutene. 
  Zeolite is a kind of important solid acid catalyst. In the research of zeolites, 
especially as catalysts, the “structure - activity” relationship between zeolites and the 
corresponding reaction performances, is still one of the most crucial research 
directions in the field of catalysis. The representative of zeolite ferrierite(FER), 
ZSM-35, has become one of the most ideal catalysts for the catalytic butene skeletal 
isomerization, due to fairly good catalytic activity and selectivity on isomerization 
reaction, because of its unique acid sites and especially the intercrossing pore 
structure distribution of 8 membered ring and 10 membered ring. 
  In this work, a series of zeolites ZSM-35 were prepared via dynamic hydrothermal 
synthesis method. The effects of template agent, adding procedure of template agent, 
content of template agent, amount of water used, ratio of silicon and aluminum, 
dropping rate of silicon sol, with and without crystal seeds and the crystallization time 
on crystal structure of ZSM-35. On the top of these, the catalytic performance of 
butene isomerization were investigated accordingly. 
  The results indicate that, the zeolite ZSM-35 synthesized using pyrrolidine (Py) as 
the template contains a large number of medium strong acid sites, which can be used 















butene. There is an optimum value of pyrrolidine addition in the synthesis system, 
Py/SiO2=1.55. 
  With the increase of the water usage in the synthesis procedure, the catalytic 
activity (isobutene yield) of zeolite ZSM-35 on the isomerization reaction increased 
first and then maintained at a stable level. The optimum conditions for the synthesis is 
H2O/SiO2=31.1~37.3. On the study of the effect of Si/Al ratio in synthesis, the 
experimental results have shown that the ZSM-35 with high crystallinity can not be 
obtained if the Si/Al ratio is too low (Si/Al <10), while it is easy to induce the 
formation of the hybrid phase if the Si/Al ratio is too high. Based on our investigation, 
the optimum range of the Si/Al ratio in the crystallization system of ZSM-35 is Si/Al 
=12~24.  
  The effect of crystallization time on the structure of zeolite ZSM-35 and the 
catalytic performance of butene isomerization has been investigated. When the 
synthesis with crystal seeds, the crystal phase structure of zeolite ZSM-35 can be 
successfully in 8h crystallization time. If the crystallization time of catalyst extends to 
36h in this case, the yield of isobutene reached maximum 35.8% (T.O.S=8h). For the 
synthesis system without crystal seeds, the crystal phase structure of zeolite ZSM-35 
can be gained at the point when the crystallization time reaches 24h. When the 48h 
crystallization time applied to systhesis procedure in this condition, the yield of 
isobutene reached maximum 31% (T.O.S=8h) for the catalysts obtained. In conclusing,  
the addition of crystal seeds accelerated the synthesis of zeolite ZSM-35 crystal. 
  Whatever with or without crystal seeds, the internal framework of zeolite ZSM-35 
is basically the structure of Si(1Al) when the required crystallization time is fulfilled 
and the catalyst can reach a fairly good catalytic activity of the isomerization reaction. 
The Al atoms are embedded in the skeleton rather than the edge of the skeleton. The 
distribution of skeleton Al is more uniform and stable, and the ratio of 
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    长期以来，我们国家经济发展速度很大程度上由石化领域的发展形势所体现
[1]。可见，化石能源石油、天然气以及煤炭资源的开发应用在国家经济社会发展
中占据举足轻重的地位。近年来，我国催化裂化装置中的 C4 烃类年产量均超过
















































是负载有 H3PO4 或 Pd 的 Al2O3。1977 年，意大利 Snamprogetti 公司以正硅酸四






Wojciechowski 等以具有十二元环的大孔道 Y 型分子筛作为正丁烯异构反应的
催化剂，发现反应会在 Y 型分子筛的超笼中因为积炭而迅速失活。Harandi 考察
ZSM-5 分子筛在正丁烯异构反应中的性能，异丁烯选择性低，发现齐聚现象严
























    分子筛是具有高度规则形状和多孔通道的有序材料[10-12]。其中沸石分子筛是
多孔结晶硅铝或磷铝材料，晶体内通道狭窄均匀且具有重复结构。沸石分子筛是
由[SiO4]，[AlO4]，[PO4]四面体之间通过共享顶点而形成三维四连接的骨架。这
些四面体构成分子筛骨架最基本的结构单元（初级结构单元）。每个 Si，Al 或 P
原子都与 4 个氧原子配位，每个氧原子都连接 2 个 Si，Al 或 P 原子。硅铝酸盐
分子筛中[SiO4]和[AlO4]四面体具有阴离子骨架结构，平衡这些负电荷的阳离子
分布于分子筛内部的孔道和笼中。分子筛结构遵循 Lowenstein 规则，四面体上
的 Al 原子不能相邻，而 Si 原子可以是以下配位：Si(0Al)，Si(1Al)，Si(2Al)，Si(3Al)
和 Si(4Al)。对于大部分硅铝分子筛而言，其中的 Si 原子和 Al 原子可以随机分
布[13]。对于磷铝分子筛而言，[PO4]和[AlO4]四面体严格交替[14-16]。 
    Meier[17,18]和 Smith[19]认为分子筛的次级结构单元可以通过初级结构单元共
享氧原子连接形成三，四，五或六元环而得到。例如，常见的 A 型分子筛就是
通过方纳石（SOD）笼与双四元环之间进行连接，从而形成沸石分子筛[20]。 
    分子筛骨架中也存在一些特征笼形结构单元，不同的分子筛骨架中会出现相
同的笼形结构单元，这可由多面体的 n 元环来阐释。例如图 1.1，方纳石(SOD)
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